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013.04.0Abstract Swarm intelligence embodied by many species such as ants and bees has inspired scholars
in swarm robotic researches. This paper presents a novel autonomous self-assembly distributed
swarm ﬂying robot-DSFR, which can drive on the ground, autonomously accomplish self-assembly
and then ﬂy in the air coordinately. Mechanical and electrical designs of a DSFR module, as well as
the kinematics and dynamics analysis, are speciﬁcally investigated. Meanwhile, this paper brings
forward a generalized adjacency matrix to describe conﬁgurations of DSFR structures. Also, the
distributed ﬂight control model is established for vertical taking-off and horizontal hovering, which
can be applied to control of DSFR systems with arbitrary conﬁgurations. Finally, some experiments
are carried out to testify and validate the DSFR design, the autonomous self-assembly strategy and
the distributed ﬂight control laws.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
Nature always gives humankind knowledge and inspirations.
Through distributed collaboration or assembling themselves
into different collective structures, insects like ants and bees
get able to transport objects that are too large for any single
one of them or to bridge gaps that will stop them separately
as individuals. Swarm intelligence embodied by these social in-82338271.
.edu.cn (H. Wei), liningitr@
a.edu.cn (M. Liu), tan@utk.
orial Committee of CJA.
g by Elsevier
ng by Elsevier Ltd. on behalf of C
05sects when they cooperate with one another in a large scale has
been brought into robotic research by scholars and become an
attractive topic in the robotic academic community.
Swarm intelligence has many manifestation types, among
which self-assembly is regarded as the most practical, critical
and typical pattern. Self-assembly usually refers to autonomous
organization of components into certain patterns or structures
without human intervention.1 In the ﬁeld of swarm robotics, a
group of identical robots can build different robotic structures
through self-assembly, which provides stronger functionality,
more sensitive perception, higher stability andbetter robustness.
In many applications, autonomous self-assembly among robots
lays necessary foundation for accomplishing complex tasks that
are impossible to fulﬁll by any single individual robot of them.
Most existing swarm robots are mobile platforms with lim-
ited mobility on the ground.2–4 However ﬂying robots like
UAVs (Unmanned Aerial Vehicles) which are frequently used
on occasions like military spying, rescue in ruins, aerialSAA & BUAA. Open access under CC BY-NC-ND license.
Fig. 1 A DSFR module.
792 H. Wei et al.grasping and planet exploring as individuals5,6 share no features
with swarm robots. Obviously features of swarm robots such as
self-assembly and self-reconﬁguration would enhance the capa-
bility of ﬂying robots greatly in many aspects including percep-
tion, stability and robustness.
In this paper, we developed a DSFR (Distributed Swarm
Flying Robot) system, which synthesizes the properties of
swarm robots. The DSFR system consists of many identical
robot modules and can ﬂy in the air harmonically. These mod-
ules can drive on the ground, accomplish autonomous self-
assembly and perform aerial ﬂight under distributed control
regardless of the conﬁguration of the target DSFR structure.
This paper presents the design, implementation and experimen-
tal demonstrationsof theDSFR.The contents areorganizedas fol-
lows. Section 2 introduces the on-going related researches of
swarm ﬂying robots. Section 3 shows the design details of aDSFR
module. Motion control strategy is described and analyzed in Sec-
tion 4. The self-assembly strategy and conﬁguration description
method are explained in Section 5. This method lays the basis for
the distributed ﬂight control strategy, which is interpreted in Sec-
tion 6.Meanwhile experimental demonstrations are shown in Sec-
tion 7. Finally, Section 8 summarizes the research conclusions and
sheds some light on the future work.
2. Related work
Since 1907 when the ﬁrst manned quadrotor ﬂyer vertically
took off under human control, traditional studies on ﬂying ro-
bots have been primarily focused on problems such as high-
performance control modeling, trajectory tracking and aggres-
sive maneuvering7–14 or some special ﬂying conﬁgurations such
as triple tilting rotor mini-UAVs15 and miniature ﬂying ro-
bots.16 However, these studies are all concerned with individ-
ual aerial vehicles with invariable structure conﬁgurations.
So far, most swarm robots are mobile platforms3,17,18 and
few researches have been conducted in the ﬁeld of swarm ﬂying
robots.19–23 Two representative ﬂying robot platforms are de-
signed by the Institute for Dynamic Systems and Control
(IDSC) in Switzerland19–20 and the GRASP Laboratory at
University of Pennsylvania,21 respectively.
The distributed ﬂight array (DFA) modules at IDSC are de-
signed to be able to drive autonomously, dock with their peers
on the ground and ﬂy in a coordinated fashion.20 Different
DFA modules get stochastically pulled together by magnetic
force of permanent magnets ﬁxed on them. Therefore, the
self-assembly process of DFA is uncontrollable and the ﬁnal
array conﬁguration is also unpredictable. Moreover, the
DFA cannot ﬂy without additional altitude and attitude feed-
back from an external Vicon MX system, as the modules do
not have onboard IMUs (Inertial Measurement Unit).
Researchers developing Swarm Nano Quadrotors at
GRASP have dedicated themselves to exploring cooperation
among a swarm of identical quadrotors.22 The quadrotors
have already been able to fulﬁll tasks such as building con-
struction24 and transporting objects21 collectively as separated
individuals. However, they do not have any feature of self-
assembly and self-reconﬁgurable swarm robots.
3. System design of a DSFR module
Different from those related researches introduced in Section 2,
DSFR25 modules can drive on the ground, autonomouslyself-assemble into a target robotic structure and then coordi-
nately ﬂy with altitude and attitude feedback from onboard
IMUs. To endow the DSFR modules with the state-of-art
functions of mobility, self-assembly and ﬂying, we are faced
with many critical challenges including mechanical optimiza-
tion, weight limitation, electrical sensing system, inter-module
communication, power consumption, etc.
3.1. General design principle
The DSFR modules, as mentioned above in Section 1, are de-
signed to be able to drive on the ground, autonomously self-
assemble with their peers into the target structure, and then
coordinately take off to maneuver in the air. As shown in
Fig. 1, theDSFRmodule resembles a hexagon and itsmain body
is made of Expanded Polypropylene (EPP) material, which has
low density, but is strong enough to withstand the stresses gen-
erated between modules after self-assembly. Due to its hexagon
proﬁle, there exist six lateral surfaces for connection on each
module. These connection surfaces of every module can be clas-
siﬁed into two categories: one active connection surface with
docking hooks and ﬁve passive connection surfaces with dock-
ing grooves. On each connection surface, we have allocated
three RGB LEDs and two proximity IR transceivers, and on
the active surface there will be a COMS camera in addition.
These sensors jointly provide navigation information for the
DSFR modules during self-assembly. Three omni-wheels inde-
pendently driven by DC motors on the chassis endow the mod-
ulewith agile and ﬂexible groundmaneuverability. Eachmodule
is equipped with a constant-pitch two-blade propeller actuated
by a BLDC (Brushless DC) motor. However, this only makes
it able to ﬂy up and down vertically, while it is still uncontrolla-
ble in other degrees of freedom such as pitching and rolling.
Once joined together through self-assembly, these modules
would evolve into a sophisticated multi-rotor system with full
aerial maneuverability.
3.2. Mechanical and electrical system
The mechanical hook-groove match is adopted to connect
adjacent DSFR modules. For each DSFR module, two dock-
ing hooks are ﬁxed on the active connection surface symmetri-
cally, and driven by one shared DC motor, as is shown in
Fig. 2. This time, we choose the crank-rocker mechanism as
an optimized version of driving solution. Compared with the
worm gear mechanism used in the last version,26 the crank-
rocker has higher driving efﬁciency, which makes the docking
process consume less time. In addition, some optimizations
Fig. 2 Driving mechanism for active docking hooks. Fig. 3 Optimal design for docking mechanism.
A novel autonomous self-assembly distributed swarm ﬂying robot 793have been made to guarantee that the docking hooks dock into
the grooves just at the dead point position of the crank-rocker
mechanism, as is illustrated in Fig. 3. As is highlighted with a
grown line in green frame, crank and linkage of crank-rocker
mechanism are in the same line. Thus, it guarantees that dock-
ing hooks (rockers) dock into the grooves just at dead point
position.
An ARM architecture processor, which deals with the esti-
mation and control computation, works as the core of the elec-
trical control system. As shown in Fig. 4, each module has
three MEGA8 driver boards for the omni-wheel DC motorFig. 4 Architecture of ele(0.56 W) control and the driving of sensors including LEDs,
IR transceivers, etc. A custom-designed ESC (Electronic Speed
Controller) controls the BLDC motor for propeller driving.
These driver boards and ESC are all linked to the core proces-
sor through I2C bus. Attitude and altitude signals are obtained
through a USART port from the custom-designed low cost
Miniature IMU/Attitude and Heading Reference System
(MIMU/AHRS) module based on Complementary Filtering
(CF). An ultrasonic transceiver and an air pressure sensor
(barometer) are also incorporated in the AHRS module for
altitude estimation. Inter-module communication has two op-ctrical control system.
Fig. 6 Schematic diagram of omni-directional mobile chassis.
794 H. Wei et al.tions: the zigbee wireless network before physical connection
and the CAN communication after self-assembly. An RC sig-
nal receiver encodes the signal of the 72 MHz wireless RC con-
troller into PPM codes and then input them to the ARM
processor through an ICP (Input Capture Pin) channel so that
we can operate the DSFR manually with a remote controller
(RC) if necessary. However, in most cases, manual interven-
tion is not needed, because the DSFR modules totally work
autonomously as a self-contained system.
3.3. Dynamic driving conﬁgurations
Time consumption of the self-assembly process is a problem
attracting much attention of researchers. When the swarm
scale grows larger, that time consumption seems to rise at an
exponential rate, which is somehow unacceptable. Thus, the
DSFR modules are endowed with necessary mobility both
on the ground and in the air. In this paper, an omni-directional
mobile chassis is designed to guarantee the agile ground mobil-
ity so that the time-consumption can be reduced as much as
possible. In order to make the DSFR modules simple and com-
pact, each module only has necessary but limited ﬂying ability
with a single propeller. Not until they get connected together
through self-assembly will these DSFR modules acquire the
full ﬂight maneuverability as a multi-rotor system.
3.3.1. Driving conﬁguration on the ground
On the chassis of each DSFR module, three omni-wheels are
mounted symmetrically with an interval of 120 degrees, as is
illustrated in Fig. 5. These omni-wheels driven by independent
DC motors together make the module able to translate in any
direction without changing its current heading. Kinematic
model of the chassis is further analyzed in Section 4.
3.3.2. Aerodynamic actuation conﬁguration
As is shown with Fig. 5, one GWS1045 (length: 254 mm; pitch:
114.3 mm per revolution) propeller driven by a BLDC motor
(Dualsky2830CA-14) generates the vertical force for each
DSFR module. In order to improve aerodynamic actuation
performance, there exists a duct for bettering propeller thrust
in the middle of each DSFR module. Each module works as
an independent actuation unit after self-assembly.Fig. 5 Driving conﬁguration on the ground.4. Motion control modeling of DSFR
4.1. Ground kinematic modeling
Fig. 6 gives a schematic diagram of the omni-directional mo-
bile chassis composed of three omni-wheels. The kinematic
model of the chassis described by Eq. (1) maps the velocity
_f ð _x; _y; _hÞT of the module chassis in the inertial coordinate
system OIXIYIZI on the ground to the wheel velocity
V ðv1; v2; v3ÞT:L stands for the radius of the chassis. Positive
rotation directions of omni-wheels point to the center of the
chassis. According to the kinematic relations in Eq. (1), further
analysis with Matlab shows that the moving abilities are not
identical in different directions, see Fig. 7. The speed unit
has been normalized.
v1
v2
v3
2
64
3
75 ¼
 cosðhþ 30Þ  sinðhþ 30Þ L
cosð30  hÞ  sinð30  hÞ L
 sin h cos h L
2
64
3
75
_x
_y
_h
2
64
3
75 ð1Þ4.2. Aerodynamic modeling
As has been stated in Section 3, the DSFR structure built
through self-assembly evolves into a multi-rotor system whichFig. 7 Velocity/acceleration-direction diagram.
Fig. 8 Aerodynamic model.
A novel autonomous self-assembly distributed swarm ﬂying robot 795may have redundant actuation units for ﬂight control and is
rich in dynamics. As is shown in Fig. 8, in order to clarify
the ﬂight dynamic model, two sets of coordinate systems are
required: the ground inertial coordinate system and the uni-
form body coordinate system. Uniform body coordinate frame
OBXBYBZB coincides with center of gravity of the DSFR
structure. The Euler angles (a; b; c) with respect to inertial
coordinate frame estimated by multi-MIMU/ARHS depict
the attitude of the DSFR structure. Besides, the altitude is esti-
mated from measurements of the ultrasonic transceiver and
barometer at the same time for vertical hovering control at a
ﬁxed height.
Once the effects of connection stiffness, propeller shape,
aerodynamic properties, etc. get taken into consideration com-
prehensively, the full ﬂight dynamics of DSFR would become
quite complex. In this section, the dynamic model is simpliﬁed
by ignoring those minor factors, which has been proved ade-
quate for the basic ﬂight control.
The propeller’s rotation of each module produces both a
vertical thrust and a reaction torque about the ZB axis to the
DSFR structure. These two effects are assumed to be propor-
tional to the square of the angular velocity xi as below
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where, Fi and Mi denote the thrust and the reaction torque of
the i th module, and Kf and Km represent the corresponding
proportion coefﬁcients.
In order to get a full view of the ﬂight dynamics, we initially
establish a complete set of dynamic equations for the DSFR
structure as a rigid body. The following equations are all devel-
oped with respect to center of gravity of the DSFR structure.
Xn
i¼0
mi  d
2r
dt2
¼ F ¼
Xn
i¼0
migþ
Xn
i¼0
Fi ð4Þ
d
dt
ðJXÞ ¼ J _Xþ skðXÞJX ¼
Xn
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i¼0
siB ¼
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Eq. (4) is the translational differential equation where r repre-
sents the displacement vector of center of gravity of the DSFR
structure with respect to inertial coordinate frame.
Pn
i¼0si in
Eq. (5) is the composition of external moments generated by
different modules around the three axes of the body frame,
which can be calculated according to Eq. (6). The moments
around XB and YB axes are the sum of all thrusts acting along
the moment arms YiB and XiB, respectively. And the moment
around ZB axis equals the sum of reaction moments produced
by each module, which are sensitive to the rotation direction of
the module propellers. For the Clockwise (CW) propellers, ci is
positive Km=Kf, and vice versa. The principle moment of iner-
tia with respect to the center of gravity denoted as J is given by
Eq. (7). Angular velocity vector X consists of angular velocity
components p, q and r with respect to the axes XB, YB and ZB,
respectively. The anti-symmetric matrix skðXÞ depicts the
derivative moment of momentum caused by the rotation of
the body coordinate frame.
As the DSFR is currently designed to vertically take off and
hover at equilibrium, the dynamic model can be linearized and
simpliﬁed as follows.IxB 0 0
0 IyB 0
0 0 IzB
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Since the DSFR modules are identical to one another, the total
mass can be expressed as Nm, where N represents the number
of modules making up the DSFR structure and m gives the
mass of a single module. Vertically taking off and hovering
at equilibrium means the DSFR only performs slight rolling
and pitching, which makes it possible to use b and c to approx-
imate sin b and sin c, and to use the second-order derivative of
Euler angles ð€b;€c; €aÞT to approximate the ﬁrst-order derivative
Fig. 10 State transition diagram.
796 H. Wei et al.of angular velocity vector ðp; q; rÞT without much accuracy
loss.
To adequately control vertical taking-off and horizontal
hovering of the DSFR, four degrees of freedom, or rather
pitching, rolling, yawing and height, should be considered. It
can be inferred from the above analysis that at least four
DSFR modules, including both CW and CCW ones, should
be incorporated into the structure for the purpose of ﬂight con-
trol. A DSFR structure of a triangular conﬁguration consist-
ing of three modules can also vertically take off and hover in
the air at a ﬁxed height. However, such a triangular structure
will keep yawing CW or CCW, which means its heading is
uncontrollable. By the way, not all conﬁgurations incorporat-
ing four or more modules are certainly controllable. For in-
stance, any number of modules connected in a line would
build a DSFR system uncontrollable in either pitching or
rolling.
The DSFR structure will have more actuation redundancy
as the number of its modules increases, which makes it a sys-
tem rich in dynamics and controlling algorithm space. Also,
the same group of modules may self-assemble into structures
of different conﬁgurations. One structure under a certain con-
ﬁguration may achieve ﬂight with different actuation composi-
tions due to the actuation redundancy. Compared with other
traditional ﬂight vehicles, the DSFR obviously has better sta-
bility and more robustness as it is a multi-rotor ﬂying robot
with varying conﬁgurations and redundant actuation units.
Besides, the more modules are contained in a DSFR structure,
the larger payload it will get.
5. Conﬁguration description and autonomous self-assembly
strategy
Structures of different conﬁgurations usually consist of differ-
ent numbers of modules. For the convenience of autonomous
self-assembly and distributed ﬂight control, a novel conﬁgura-
tion description method based on the generalized adjacency
matrix is put forth in this paper.
As is shown in Fig. 9, each module has its own private body
coordinate frame OMiXMiYMiZMi, which coincides with its
center of gravity. The X-axis is vertical to connection surface
1, and the Y-axis is 90 counter clockwise (CCW) from X-axis.
CCW from connection surface 1 appear connection surfaces 2–
6 in sequence. All those surfaces are passive ones except for
surface 6 which is an active surface. The generalized adjacency
matrix can express the adjacency relationships between mod-Fig. 9 An example robotic structure described by generalized
adjacency matrix.ules in a DSFR structure clearly and directly. Fig. 9 gives an
example robotic structure of a triangular conﬁguration de-
scribed by the generalized adjacency matrix. The generalized
adjacency matrix is actually a kind of symmetric matrix whose
main diagonal elements are all real number couples. The two
ordered numbers in each couple represent the adjacent connec-
tion surfaces between two DSFR modules.
Thus only the upper or lower triangular elements need to be
conﬁrmed before the whole structure is established. In the pro-
cess of self-assembling, the robot modules can ﬁnd differences
between the current structure and the target one conveniently
by comparing the current adjacency matrix with the target ma-
trix. Once self-assembled, according to the generalized adja-
cency matrix the DSFR will build a uniform body
coordinate frame for the distributed ﬂight control.
During the process of autonomous self-assembly, all mod-
ules behave as state machines with four states: wandering, nav-
igating, docking and docked, as shown in Fig. 10. At the
beginning, one of the modules will be randomly selected as
the seed robot for self-assembly, which acts as the ﬁrst docking
target. Namely, it is the start node of the target DSFR struc-
ture. All the other modules start separately from the wander-
ing state and search for the target structure. When a
wandering module ﬁnds the DSFR structure, it switches into
the navigating state and begins to navigate to the target con-
nection surface under the guidance of various sensors includ-
ing the Cam-LED vision feedback26 and the proximity IR
transceivers. Then, the module gets into the docking state, dur-
ing which it attempts to get connected with the target connec-
tion surface. If succeed, the module arrives at the docked state
and becomes a part of the target DSFR structure. Or else, it
will transfer back to the wandering state and start the next
round. By comparing the adjacency matrix of the current
structure with that of the target one, the DSFR can autono-
mously ﬁnd out the difference and set the sensors to guide
the self-assembly process. Not until the current adjacency ma-
trix equals the target one, does self-assembly gets
accomplished.
6. Uniform body coordinate frame and distributed ﬂight control
As inferred from the dynamic analysis formulated in Section 4,
the laws of distributed ﬂight control require a uniform
A novel autonomous self-assembly distributed swarm ﬂying robot 797coordinate frame. The DSFR can ﬁgure out the uniform body
coordinate frame online and update it as the structure evolves.
Technically speaking, the purpose of establishing the uni-
form coordinate frame OoXoYoZo is to express the coordinates
and attitudes of all the DSFR modules uniformly, which
makes data processing and ﬂight control more simple, conve-
nient and clearer.
Take the structure shown in Fig. 11 as example, assume
that module j docks into module i. Then, the relation between
two private body coordinate frames can be expressed by the
relative rotation angle jih, which is given in Eq. (12). The center
of module j is deﬁned by Eqs. (13) and (14), in which j iP and
j
iu represent the position and the inclination angle of the cen-
ter of module j with respect to the private body coordinate
frame of module i, respectively. From the above analysis,
one can obtain the homogeneous coordinate transformation
matrix j iT in Eq. (15).
Take a DSFR structure consisting of four modules as
example. The homogeneous coordinate transformation matri-
ces 1
2T, 2
3T and 3
4T can be quickly achieved from Eqs. (12)–
(15). Furthermore, we have the following two relations:
1
3T ¼ 12T23T and 14T ¼ 12T23T34T. With these transformation
matrices, the private coordinates of each module can be trans-
formed into the private coordinate frame of module 1, as
shown by Eq. (16). Then, the center of the DSFR structure
can be expressed by Eq. (17) in the private coordinate frame
of module 1.
j
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h i
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Once the center of the DSFR structure gets located, the uni-
form body coordinate frame OoXoYoZo can be established with
its origin coinciding with the DSFR center and its coordinate
axes parallel to those of module 1. According to the position
coordinate of the structure center of gravity deﬁned by Eq.
(17) with respect to the private coordinate frame of module
1, the homogeneous coordinate transformation matrix from
the private coordinate frame to the uniform coordinate frame
can be deﬁned as Eq. (18). Similarly, we will ﬁnd o
2T ¼ o1T12T,
o
3T ¼ o1T12T23T and o4T ¼ o1T12T23T34T, which transform the
private module coordinates into the uniform coordinates as
Eq. (19). Then, all the DSFR modules can be located exactly
with respect to the uniform coordinate frame, which provides
the basics for dynamic modeling and distributed ﬂight control.
The DSFR is a multi-rotor system scalable in structure size
and variable in conﬁgurations. Traditional centralized control
models cannot satisfy the requirements raised by these diversi-
ﬁcations and uncertainties. Thus, a decentralized method rec-
ommends itself for the ﬂight control which is illustrated in
Fig. 12. According to the laws of distributed control, each
module acts as a self-contained processing and actuation unit
based on the signals of DSFR conﬁgurations, states and atti-
tudes as well as altitudes. The conﬁguration described by the
adjacency matrix provides each module with the relevant posi-
tion and connection relationships among the DSFR structure.
The attitude and altitude estimations are fusion results of mea-
surements from MIMUs equipped on the DSFR modules. In
addition, throughout the working time of the DSFR system,
a public state vector indicating the module health is main-
tained and updated real time.
The distributed ﬂight control models of all DSFR modules
are completely identical to one another. They take theFig. 12 Distributed ﬂight controller model.
798 H. Wei et al.conﬁguration, pose (attitude and altitude) and state signals as
input, and calculate the driving voltages for the BLDC motors
as output according to the hovering dynamic model established
in Section 4. Elements of the public state vector indicate health
states such as working or failure, of DSFR modules included in
the structure. Once a DSFR structure has been built through
self-assembly, the modules contained in the structure will work
collectively under the distributed control model to take off and
hover in the air. Even if some of the modules fail abruptly, as
long as the DSFR structure is still theoretically controllable,
those remained modules can still generate the output signals
for ﬂight control effectively. The distributed ﬂight control meth-
od has made the DSFR system insensitive to the structural con-
ﬁgurations and tolerant of module failures.
7. Experimental validation
7.1. Mobility on the ground
The kinematic properties of the DSFR module on the ground
have been analyzed in Section 4 and are further simulated here.
A 3D model of the DSFR module established with Solid
Works has been imported into ADAMS for kinematic simula-
tion. Displacement, speed and acceleration curves given in
Fig. 13 show the kinematic features of a module moving at a
constant speed on the ground. Due to the polygon effect of
the omni-wheel, the module speed ﬂuctuates about an average
value and there exit some pulses in the acceleration curve.
However, the module speed only has slight ﬂuctuation, which
still guarantees a smooth displacement curve.Fig. 13 Kinematic properties on the ground.
Fig. 14 Self-assem7.2. Autonomous self-assembly
To demonstrate and testify the docking mechanism and the
self-assembly control strategy, three modules are used to per-
form the self-assembly experiments.
7.2.1. Experiments
Experiments are carried out on the ﬂat indoor ﬂoor with no
boundary. At the beginning, only the randomly chosen seed
module starts and it does not move during the self-assembly
process. Then, the other two modules are brought into the
experiment onto the ﬂoor at random positions one after an-
other. Finally, the robot modules accomplish self-assembly
autonomously as is shown with Fig. 14.
7.2.2. Results
The self-assembly experiment has been repeated many times
within the same setup. Fig. 14(a) outlines a simple self-assem-
bly process along time, during which all the modules quickly
ﬁnd their target connection surfaces spending little time in nav-
igation. However, that is not the common case. Fig. 14(b)
shows a more typical and common self-assembly process, dur-
ing which the robot modules spend more time in wandering
and navigating before they ﬁnally dock with the targets. The
typical self-assembly process only takes about one more min-
ute or so, which is also satisfactory.
Based on a large amount of experimental data of self-
assembly, it is found that wandering takes up 14.5%, navigat-
ing 41.9% and docking 43.6% of the whole time consumption.
Unlike most other swarm robot systems whose self-assembly
time consumptions usually rise at an exponential rate, DSFR’s
time consumption of self-assembly theoretically only increases
linearly as the number of modules included in the swarm
grows. This will be further analyzed and veriﬁed by experi-
ments with more DSFR modules.
7.3. Distributed ﬂight control
In this section, we carry out a ﬂying test to validate the method
of distributed ﬂight control, which is insensitive to the DSFR
structure. Take a DSFR structure consisting of four modules
as example, as is shown in Fig. 15, the structure seems similar
to a traditional quadrotor ﬂyer. However the DSFR structure
has different latitudes and longitudes, while the conventionalbly experiments.
Fig. 15 Flying test.
A novel autonomous self-assembly distributed swarm ﬂying robot 799quadrotor ﬂyers are generally self-symmetrical. In this experi-
ment, the DSFR takes off vertically and hovers at a height of
0.5 m for 3 min under distributed ﬂight control, as shown in
Fig. 15.
8. Conclusions and future work
(1) This paper introduces a novel autonomous self-assembly
distributed swarm ﬂying robot-DSFR. Autonomous
self-assembly among the robot modules in DSFR sys-
tems has been realized. The method of distributed ﬂight
control for both vertical taking-off and hovering has
also been established, which proves insensitive to speciﬁc
conﬁguration of the DSFR system.
(2) The DSFR system is scalable in size and can tolerate
conﬁguration variations and module failures. Both theo-
retical analysis and experimental tests have demon-
strated the robustness and feasibility of the DSFR.
(3) Some future researches on our to-do list will further
improve the design of DSFR. For example, an agile
manipulator under design for replacing the presentdocking mechanism will not only make DSFR modules
able to connect with each other, but also endow them
with additional ability to grasp and transport objects.
Besides, ﬂight tests with more complicated DSFR con-
ﬁgurations will be carried out to collect necessary data
for further improvement of distributed ﬂight control.Acknowledgements
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